There is a growing interest in evolutionary models of human adiposity. Frequent reference has been made to 'thrifty genes' or 'thrifty phenotypes', referring to a variety of metabolic or behavioural traits that in one or the other way imply frugality in the expenditure or storage of energy. However, there is confusion over how the strategy of thrift has been incorporated into human biology. At the broadest level, humans represent a thrifty species relative to other mammals, indicating that metabolic adaptations had a crucial role in the emergence of the Homo lineage, in particular in buffering reproduction from ecological stochasticity. In contemporary humans, some variability in adiposity may be attributable to genotypes systematically favoured in certain ecological settings. Genetic variability is also present within populations, and may be considered bet hedging (distributing risk across offspring to increase parental fitness). Bet hedging is an alternative to genetic drift for accounting for genetic variability in the absence of strong selective pressures. Contrasting with genetic variability emerging over the long-term, thrifty phenotypes represent a response to short-term ecological variability. Physiological plasticity allows the emergence of variability across the life course in response to ecological cues experienced directly or by very recent ancestors. Finally, cultural norms or individual preferences allow voluntary behavioural manipulation of thrift in individuals. Overall, there is a range of factors and processes both favouring and opposing thrifty genes, which may reflect moderate bet hedging rather than systematic adaptation. Plasticity protects the genome from selective pressures by tailoring the organism to ongoing ecological conditions. The fact that obesity can occur in different individuals through different genotypes, life histories and behaviours indicates that different treatments are also likely to be required.
Introduction
The global obesity epidemic and its variable manifestation across different ecological settings have stimulated renewed interest in evolutionary models of human adiposity. A number of authors are currently discussing the evolutionary basis for variability in metabolism, body fat content or adipose tissue biology. Frequent reference is made to 'thrifty genes' or 'thrifty phenotypes', illustrated, for example, by the recent debate between Speakman and Prentice and colleagues regarding utility of the concept of thrifty genes. [1] [2] [3] [4] However, recent progress in our understanding of human evolution, both in terms of genetic evolution and components of plasticity, prompts a reappraisal of how thrift is generated and transferred within and between generations. The aim of this article is to clarify the concept of thrift and the ways in which, and time scales over which, this metabolic strategy can manifest in organisms.
What is thrift?
In general language, thrift implies some degree of prosperity deriving from earlier frugality and careful management of resources. Its use in reference to human metabolism spread after an influential article by James Neel, 5 proposing that certain genes relevant to metabolism could have been favoured by natural selection in certain environmental conditions. In the absence of any definitive definition of 'metabolic thrift', I will briefly highlight some of the relevant features; however, the ensuing discussion, concerning its derivation from ancestral selection versus life-course plasticity, is independent of exactly how the term is defined. Similar to Prentice and colleagues, 3 I propose that thrift refers generically to the efficiency with which energy is used. An animal may be considered thrifty according to its ability either (a) to reduce energy expenditure through physiological or behavioural alterations or (b) to store energy rather than expend it. As will become clear, variability in metabolic thrift may then manifest in organisms through the natural selection of genetic factors or through life-course experience.
Many small mammals, such as rodents, avoid the high energy costs of remaining active during winter by hibernating. The western jumping mouse (Zapus princeps) from temperate North America can hibernate for 9 months of the year, allowing it to target reproduction at the brief period of peak food availability. 6 The fat-tailed dwarf lemur (Cheirogaleus medius) from Madagascar is the only tropical mammal known to undergo long periods of hibernation, allowing it to avoid seasonal energy scarcity. 7 Seasonal hibernation is a highly efficient form of thrift, reducing energy expenditure by up to 85%. 8 Shorter-term alterations in basal energy metabolism also occur, with many species undergoing daily torpor to conserve energy costs. 9 For example, owing to their small size, hummingbirds require exorbitant energy expenditure in order to feed, but compensate by reducing their body temperature at night.
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Distinct from such frugality in energy turnover, many mammal species also display metabolic thrift by acquiring stores of energy to offset fluctuations in supply and demand. These stores most commonly take the form of adipose tissue; 11 however, some small species, such as hamsters, also use extra-corporeal food hoards. 12 Again, small mammals may require fat simply to accommodate diurnal variability in energy availability. Lactating mice lay down fat in the night to fund lactation in the day. 9 Other ecological stresses favouring fat stores include migration, breeding and hibernation, each of which temporarily overloads energy demand relative to intake. 11 Species in cold environments are more vulnerable to fluctuations in energy supply, and hence maintain larger energy stores. 11 So important is fat to hibernating animals that if starved as winter approaches, they preferentially preserve adipose tissue and oxidize lean tissue instead. 8 However, not all species adopt such strategies of thrift. Many mammals survive and breed with minimal levels of adipose tissue. Rabbits, for example, are typically B2% fat by weight, and ride out fluctuations in energy availability through modifying reproductive rate and re-colonizing territory after population crashes. 11 As a successful colonizing species, rabbits use dietary energy 'income' to breed rapidly in good conditions, rather than adipose tissue energy 'capital' to aid survival in poor conditions. One can consider whether the storage of energy in adipose tissue arises from frugality in energy expenditure or upregulation of appetite. In some species, substantial seasonal changes in either energy expenditure or appetite are evident, 11 indicating exactly how thrift has been achieved. Differentiating these strategies has proven more difficult in humans, as the degree of energy imbalance is often a tiny fraction of daily turnover. 13 However, the fact that both strategies are relevant can be inferred from the existence of human genetic variability in each, 14 [16] [17] [18] hence, thrifty genes, as specified by Neel, refer broadly to human populations who have lived since our speciation and who have occupied diverse environments, as they colonized the main geographical regions. Nevertheless, such an event does not preclude genetic variability manifesting right at the onset of our species' evolutionary history. Collectively, this would have allowed a degree of genetic variability to pass from Homo erectus sensu lato into the Homo sapiens lineage. Whereas data from mitochondrial DNA indicated a single emergence of modern humans in a relative isolated population in Africa during the late Pleistocene, analyses of polymporhism data from the X chromosome and autosomes suggest a more complex scenario. 19 Modelling the evolutionary history of the human genome remains a challenging task, with the theoretical assumptions that are used contributing to the inferences, and more sophisticated models are likely to improve clarity. 19 At present, the most plausible model indicates a degree of admixture between archaic and modern human populations within Africa, allowing genetic variability within Homo erectus to pass into early modern humans. 19 The same model suggests a relatively tight bottleneck at the time of the exodus from Africa, indicating that the majority of the genetic variability in non-African populations arose de novo in non-African environments. 19 Therefore, the fundamental issue here is that there are several genetic components to thrift in humans: first, a generic pattern common to all humans, and second, contemporary variability within that general pattern, some of which reflects exposure to selective pressures over several hundred thousand years, and some of which reflects selection only within the past 100 000 years.
The generic profile of thrift in Homo sapiens
The generic human profile of adiposityFencapsulated in pan-human thrifty genes and observable in all populationsFconsolidated during the evolution of Homo erectus and may be briefly summarized as follows: relatively high body fatness at birth, increases during normal infant growth, relative declines during early childhood and then the emergence of profound sexual dimorphism in fatness during adolescence before breeding. [20] [21] [22] During old-age, this sexual dimorphism decreases and body shape and adiposity converge between the sexes. Thrift: a guide to thrifty genes, thrifty phenotypes and thrifty norms JCK Wells
A number of specific selective pressures may have been relevant to this generic profile, varying according to the period of hominin evolution in which they may have acted. 20, 24, 25 The occupation of increasingly seasonal habitats, the emergence of the large Homo brain with accompanying reorganization of the growth process and the tendency to colonize new territory (which is likely to have invoked novel selective pressures) may have been particularly important. Early Australopithecine evolution was characterized by increasing tolerance of marginal stochastic environments, that is, those with unpredictable energy availability. In particular, Foley 26 has argued that Australopithecines faced longer dry seasons than ancestral chimpanzees or gorillas, which is likely to have induced selection for fat stores, as evident in another ape occupying stochastic environments, the orang-utan. 27 The hominin plasticity that evolved in response to such stresses seems to have stimulated the colonizing capacity of the Homo genus around 2 million years ago. 24 Unusually for a large animal, humans have proved successful at colonizing an extraordinary range of habitats and territory. As humans, unlike rabbits, are 'capital breeders', 28 adiposity may have had a key role in such capacity, aiding in fuelling the reproductive booms when entering new territory and aiding survival during subsequent busts after over-consumption of the available resources. 24 Others have argued that relative insulin resistance evolved to aid metabolic partitioning between physical activity and other functions during constrained energy supply, 29 which may in turn relate to the selective pressure of a low glycaemic load diet with high meat content. 30 Meat eating has, in turn, been proposed to have aided the past colonization of diverse habitats by reducing the need to adapt the gut to digest local vegetation. 31 Whether colonizing was indeed a strong stress on human adiposity during human evolution remains to be confirmed, but there is already strong evidence for the large Homo brain favouring energy stores. The brain imposes particular energy stress during early life, 32 directly on the infant (who must therefore acquire substantial energy stores to buffer perturbations in energy supply), 22 and also indirectly on the mother, who meets the breast-fed infant's energy supplies up until weaning. 20 Adiposity is by no means the only form of thrift that emerged during human evolution, a further example comprising the slowed pattern of growth, which has been proposed to dissipate its energy costs over a lengthy time period. 33 Collectively, this implies that many metabolic strategies underwent selection on early life nutrition and development, rather than adult phenotype. Other relevant traits are the high dietary quality of Homo compared with other apes, 34 and a reduction in gut tissue mass to offset the high energy costs of the large Homo brain. 35 This generic component of human thrift is arguably no less important in our evolution than other traits that are considered quintessentially human, such as our bipedal posture, our large brains and our manual dexterity. 25 Looking at the sum total of variability in adiposity across the life course, humans are most notable for their common features, and this is consistent with the notion that humans are a colonizing ape, as the dynamic process of colonization aids maintain genetic unity and decreases the opportunities for significant local genetic adaptation. 24 The emergence of thrifty genes within humans
Aside from this pan-species profile, an unequal distribution of thrifty genes within contemporary humans must reflect variability present at the time of, or emerging since, the evolution of anatomically modern humans. Following the original arguments of Neel, and his emphasis on 'periods of gorging alternated with periods of greatly reduced food intake', 5 frequent reference has been made to the supposed advantages of thrifty genes for accommodating periods of famine in our distant past. Yet, the idea that such genetic variability reflects our deeper evolutionary heritage is now doubted.
In recent decades, paradoxically, it has become clear that severe food shortages became worse after the emergence of agriculture, 36, 37 not least because nomadic foraging populations can use their mobility to reduce the stress of energy insufficiency. The domestication of animals also released a new set of infectious diseases that jumped the species barrier into humans, 38 and which must have imposed their own energy stress, probably particularly on children. 39 Famine is therefore by no means the only stress favouring genetic adaptation in metabolism during Homo sapiens' evolution, and a longer term and broader perspective is required. Recent analyses of the human genome indicate genetic variability in metabolism, proposed to have evolved in response to climatic factors as humans dispersed out of Africa. 40 Local dietary exposures have also been linked with single nucleotide polymorphisms relevant to energy metabolism, 41 which is predicted to impact on adiposity in contemporary populations. A genetic component of adiposity variability is well established, following the comprehensive adoption studies of Stunkard and colleagues. 42, 43 Recent research is increasingly quantifying the effect of specific genotypes on metabolism or adiposity, with several of these associated with appetite regulation. 3, [44] [45] [46] Again, these appetite genes may have particular importance for offspring growth rather than adult phenotype. 47 However, the individual effects of these genes are of modest magnitude, hence the genetic basis of variation in adiposity manifests as their composite effect. Recently, Bouchard 14 has suggested five broad 'types' of thrifty genes, categorizing them according to variability in (a) metabolic rate or thermogenesis, (b) predisposition for physical activity, (c) efficacy of fat oxidation, (d) appetite and (e) adipocyte lipid storage capacity. In fact, a broader range of traits may merit inclusion within this typology, 39 Of general significance here is that genetic variability relevant to adiposity characterizes diverse components of metabolism 14 and behaviour, 4 indicating that metabolic strategies rather than physical energy stores were the primary targets of selection. This argument contrasts with Speakman's 'drifty gene' hypothesis, which proposes a lack of selection on 'thrifty' genes regulating weight and adiposity (see below). Although much of modern genetic variability is likely to have arisen during the last 100 000 years or so since the exodus from Africa, some variability may reflect selective pressures acting on earlier hominins. The same selective pressures, which shaped the pan-human profile of thrift, discussed above, may also have favoured genetic variability therein, for the reasons discussed below. The exposure of a range of metabolic strategies to diverse climates, ecologies, disease loads, diets and subsistence patterns, therefore, accounts for contemporary genetic variability, and some of this variability is likely to reflect selective pressures characteristic of very different ecologies to those currently occupied by humans.
Survival versus reproduction, drift versus bet hedging
The debate between Speakman and Prentice and colleagues essentially revolves around how exactly thrifty genetic variation might have emerged in humans. Speakman argues that famines have been rare during human evolution, that there are minimal mortality differences between those who are fat versus those who are lean during famines and that those dying tend to be either children or the elderly who have completed reproduction.
2 (However, it is worth mentioning that child mortality is of particular evolutionary importance, as deaths during early life have disproportionate impact on the long-term profile of the population gene pool). He therefore argues that genetic drift may have allowed substantial genetic variability to accumulate without being able to impact on phenotype before the modern 'obesogenic' environment. Prentice and colleagues respond that thrifty genes 'are more likely to modulate reproductive fitness than survival during energy crises' and that there has been ample time, even since the origins of agriculture, for famines to have shaped the human gene pool in farming societies. 4 Thus, in addition to contrasting systematic selection with genetic drift, this debate further emphasizes different targets of selection (surviving versus breeding), which is relevant to diverse metabolic traits contributing to thrift. Genetic drift might appear particularly relevant to the substantial genetic variability that is evident within groups, such as historically defined ethnic groups, or populations isolated within homogeneous environments. Such variability within populations might be assumed to negate the kind of adaptive arguments discussed above, as it implies a lack of potency of selection favouring particular phenotypes in particular environments. However, an alternative argument is that genetic variability in adiposity may also be considered a form of parental bet hedging. 48 The advantage of bet hedging is that it spreads risk across a pool of offspring, by reducing their similarities, and hence increasing the chance that, whatever the state of the environment, at least some offspring will have a good chance of survival and breeding. Increasing the diversity of traits characterized by bet hedging would increase the range of environments that could be accommodated. Despite these benefits, genetic bet hedging is a relatively inflexible form of risk management, and this is relevant when considering other levels of thrift (see below). Following Sewall Wright's arguments, 49 Prentice and colleagues refer to the possibility of selection favouring 'numerous fitness peaks in an adaptive landscape', leading to the 'stabilisation of more than one genetic solution to an environmental challenge'. 4 This might likewise arise in part through the effects of bet hedging, and this concept is likely to be very important in understanding genetic variability in traits relevant to energy stress. As Prentice et al. state, comprehensive support for the thrifty gene hypothesis in relation to obesity can only be provided by data, but the typology provided by Bouchard 14 already indicates the existence and likely diversity of genes generating metabolic variability. The opposition of the genetic drift hypothesis to the notion that thrifty genes aided survive or breed in harsh environments, therefore, ignores a more subtle process whereby genetic variability in thrift may have emerged through bet hedging, favouring moderate variability across a wide range of genetic components of metabolism. The composite genetic effect of such bet hedging could result in a wide range in adiposity in the absence of strong selection on any one trait. Such a scenario could explain why human adiposity is strongly heritable, without any individual thrifty gene contributing substantially to within-or between-population variability in adiposity or obesity profile.
Intra-human variability in thrift
Thrifty genes reflect long-term stresses and reproductive strategies, but much of the ecological variability affecting humans operates over much shorter time scales, and it is adaptive for the organism to be able to respond to these stresses too. It is therefore valuable to consider variability within the life course of an individual, although such variability may incorporate the response to cues transmitted by previous generations.
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Considerable research emphasizes the impact of experience during early life, in particular during fetal and infant growth, on subsequent adiposity. Broadly, nutrition during early life is now understood to impact on later size, physique, lean mass and adiposity, though the evidence for the fetal induction of adiposity remains difficult to interpret. 50 Although initial studies suggested that low birth weight induces obesity and central fatness in later life, 51-53 this hypothesis is not supported by many studies. One probable cause of the inconsistency between studies is that birth weight acts as a marker not only of growth during fetal life but also of postnatal growth. 54 Small babies tend to catch-up during infancy, 55 and it is variability in infant growth that has been associated most reliably with variability in adiposity in childhood and beyond. However, even here, the findings differ between Western and developing countries. 50 Variability in growth is not the only 'exposure' of relevance during early life. Other factors now established to have long-term effects on adiposity include gestational age, 56 in utero exposure to toxins such as tobacco smoke 57 and exposure to poor maternal metabolic control in the form of gestational diabetes or hypertension. 54 It is therefore clear that many maternal or environmental factors can induce long-term effects on adiposity, and that reproductive energetics encompass high plasticity and variability between populations. 58 There is currently debate concerning what exactly might be adaptive about such developmental plasticity. The small baby is now well known as a 'thrifty phenotype' following the groundbreaking paper of Hales and Barker. 59 Although the suggestion of these authors that the thrifty phenotype represents a short-term adaptive response (preserving vital organs at the expense of less essential traits) to poor energy availability is relatively uncontested, the issue of longer term adaptation remains controversial. Some have argued that small babies generate adaptations as 'predictive adaptive responses' to their anticipated adult environment. 60 I have argued strongly against this view, doubting the feasibility of offspring attempting to predict environments so far in the future. 61, 62 My own evolutionary perspective considers the offspring to adapt by matching its level of demand to maternal capacity to supply energy. 54 Many of the metabolic and life history parameters characteristic of small babies aid catch-up growth during the period of lactation, and hence may be considered beneficial for infant and child survival, a bottleneck through which every breeding organism must pass. Early growth patterns also seem to link girls' reproductive maturation (an important component of life history strategy) with maternal phenotype. 63 The metabolic costs of these adaptations, including insulin resistance and harmful central adiposity, seem to depend on exposure to an energy-dense diet in childhood, and this is best interpreted as a detrimental effect of the Western industrialized niche rather than an adaptive strategy for the long-term future. 61 Regardless of the exact nature of adaptations resulting from phenotypic plasticity, the key point for this evolutionary perspective is that the capacity of any individual to adapt developmental strategy to exposures in early life reduces exposure to selective pressures, and hence decreases the rate of genetic adaptation. Evolution has been described as a game, in which the prize for 'winning' (surviving in one generation) is the opportunity to play the game again (by passing genes to the next generation). 64 Phenotypic plasticity offers the capacity for genes to 'stay in the game', by responding adaptively to cues relating to energy availability. 25 Intriguingly, individuals may also vary genetically in their capacity for plasticity, 65 such that those with less plasticity experience greater exposure to selective pressures on the genome. Although the thrifty phenotype and bet hedging are both strategies for reducing penalties during challenging conditions, they are less successful at capitalizing on good conditions. Conversely, trans-generational plasticity allows high maternal phenotypic quality accrued over recent generations to be transferred to the offspring. Maternal energy stores represent 'capital' available for investment in offspring regardless of their genotype, 25 and such capital transfers help buffer the offspring from selection. The thrifty phenotype is best considered as lying at one end of a continuum of trans-generational plasticity, with the other 'affluent' end of the continuum comprising a very different set of strategies for growth and investment in subsequent generations. Developmental plasticity and bet hedging, therefore, represent counterbalancing strategies, respectively, constraining and promoting genetic variability in thrift.
Culturally transmitted variability in thrift
It is worth considering one final level of thrift, which can mimic that of phenotypic plasticity in decreasing the power of natural selection, but which may also impact on genetics through sexual selection. Thrift may be consciously favoured or avoided in accordance with cultural norms. In many populations routinely exposed to energy uncertainty, a large body shape is preferred in both sexes, and often particularly in females who meet the primary energetic costs of reproduction. 66 Recent research suggests that average 'ideal weight' in the American population is increasing, perhaps reflecting increasing acceptance of high body weight. 67 Conversely, in
Western industrialized populations, wherein energy is freely available, low levels of thrift may be preferred by some, exemplified by the size 00 popular in some female Hollywood movie stars. Thus, different norms may co-exist within a single population. Pasquet et al. described the phenomenal positive energy balance occasionally achieved by members of the Massas population of Cameroon, when undergoing a seasonal 'fattening ceremony'. 68 By doubling habitual energy intake, Thrift: a guide to thrifty genes, thrifty phenotypes and thrifty norms JCK Wells men were able to increase body weight by 25% over 3 months, 70% of the weight gain comprising fat. Crosscultural studies have shown that Zulu men prefer fatter women in their native South Africa, but develop preferences for slimmer women if they move to the UK with greater energy availability. 69 On a more individual basis, those setting out on extreme expeditions often deliberately overeat beforehand to be able to endure prolonged negative energy balance during subsequent exertions. In many cases, these voluntary behavioural manipulations of thrift may have no significance for survival or reproduction. However, the process of sexual selection could potentially interact with them, and could alter the composition of the gene pool by more than one underlying mechanism. On the one hand, males may generate preferences for phenotypic traits that act as 'honest signals' of genetic components of fertility. 70 For example, widespread preference amongst many populations for women with large hips and thighs 71 might correspond to males responding to the pan-human importance of this adipose tissue depot for supplying the biochemical precursors for offspring brain development during lactation. 72, 73 Alternatively, male preferences may shape female genotype through non-functional 'bandwagon' effects, whereby female shape is forced to track male preferences merely because women with 'unattractive' shape experience difficulty mating and, therefore, pass few genes to subsequent generations. 70 The role of adiposity and female shape in sexual selection remains uncertain, 74 and it is not possible to devote further attention to it here. What is important to emphasize is that cultural or individual preferences may either help protect genes from natural selective pressures or may expose them to sexual selective pressures. My own view, following that of Norgan, 75 is that sexual selection is likely to have contributed to population variability in thrift through body shape preferences, but whether through genetic or plastic mechanisms, and of what magnitude of effect, remains to be established.
Conclusion
This article has attempted to elucidate the concept of thrift in evolutionary models of human adiposity. I have argued that thrift is primarily a pan-human trait, evident in our high adiposity for a tropical mammal, especially in neonates, infants and reproducing females. 20 This generic thrift is attributable to our expensive brain and the diverse stochastic ecosystems it allows us to occupy. With regard to contemporary genetic variability, genetic drift is unlikely to have high relevance to those descended from the exodus from Africa around 100 000 years ago. Local adaptation (responding relatively uniformly to a given stress) may be contrasted not only with genetic drift but also with bet hedging (favouring genetic variation to distribute risk across offspring). This process, distributed across multiple genes relevant to metabolism and behaviour, could contribute to a high level of heritability in adiposity in the absence of the targeted selective pressures that are conventionally assumed to have favoured thrifty genes. A substantial role for bet hedging in generating genetic variability is also consistent with high levels of developmental plasticity constraining local genetic adaptation. These traits are together indications that humans evolved as colonizing organisms, a perspective that generates its own set of hypotheses regarding human adiposity as an adaptation for entering population unstable environments. 24 Contemporary variability in adiposity reflects not only genetic variability but also life history variability and behavioural variability. The existence of complementary pathways through which thrift may emerge within individuals implies heterogeneity between individuals in the nature of obesity, suggesting in turn that a range of treatments is likely to be required.
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